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Part C. EXTENSION OF THE THEORY OF MASS SPECTROMETRY BY COMPUTER

OBJECTIVES:

Part C of the DENDRAL effort, termed Meta-DENDRAL, aims at providing
theory formation help for chemists interested in the mass spectrometric
behavior of new classes of compounds. Our goals are necessarily
long-range because theory formation by computer is itself an exciting,
unsolved problem in computer science. We have chosen to explore this
problens in the context of mass spectrometry in order to make

frontier computer research results available to working scientists.

The problem of finding judymental rules for use in a computer progran is
common to many biomedical computing projects, such as medical diagrosis
and therapy recommendation programs. <See, for example, Shortliffe,
et.al.> 1In order to give these programs the knowledge that npakes then
perform at acceptable levels, a medical expert is often asked to
surmarize his own knowledqge of the prohlem area in rules that the
program can use. The Meta-DENDRAL theory formation progranm is a
paradigm for the kird of assistance that computers can give to the
medical experts in this role. Progranmns of this sort can, first of all,
provide the expert with an interprzted sumnmary of a large collection of
“"hard" empirical data. Second, the program can suggest to the expert
plausible rules that appear to explain major features of the data.

Thus, the expert is able to assimilate large collections of data in the
rules given to the computer. We believe that the meta-DENDRAL work is a
useful model on which fruitful work in other biomedical problems can be

based.

The over-all strategy of this research is to model the theory
formation activity of scientists. de start with a set of empirical
data which are known rolecular structures and their associated mass
spectra. By exploring the possible mechanistic explanations of each
mass spectrum, the program is able to find a set of mechanisms that
appear to be characteristic for the class of molecules. These
characteristic mechanisms constitute the general mass spectronetry
rules for the class, or a first-level theory for the class. Further
refineaents of the rules give more sophisticated restatements of the

theory.

we have designed the programs in such a way as to provide useful
results from the intermediate steps. The progress section discusses
several sets of results that have been obtained, even though the
entire program has not yet been conmpleted.

PROGRESS:

In the past ten months (since January, 1973) the theory formation
programs have seen significant application and significant new
extensions. In addition, the worxk has been described in publications

for both chenists and computer scientists.

Applications of Existing Progranms.

The INTSUM program, for interpreting and summarizing the mass spectra
of many known compounds of one class, was described in the previous

annual report as essentially tinished. In this last period vwe have
used this program to help understand the mass spectrometry of several

A /0



classes of compounds, including estrogens, equilenins and other
estrogenic steroids, androstanes, alkyl pregnanes, vinyl quinazalones,
amino acids and aromatic acids. An article writter for mass
spectraoscopists and soon to appear in Tetrahedron {Smith, et.al,
enclosed) describes this program and its usefulness in undcrstanding
the previously unreported mass spectrometry of the equilenins. The
amino acid and aromatic acid results are useful for interpreting the
mass spectra taken from those fractions of urine (see Part b).

The INISUM program is available to anyone who requests it, as stated
in the article soon to appear. Because of the complexity of the
program, we recoamend that mass spectroscopists use

this program on a netwvork computer after they have collected a number
of mass spectra from a class of compounds whose fragmentation
mechanisms they wish to investigate.

Recent Extensions to Meta-DENDRAL.

In this last period significant progress has been made on the theory
formation programs that use the interpreted summary of the data provided
by the INTSUM program. A simple rule formation program, described
previously (tI7), finds the characteristic mass spectrometry mechanisms
for a class of compounds, assuming *hat the compounds exhibit reqular
behavior as a class. Recent work has removed the restriction that the
compounds must behave as a class - important classes can be found by the
progran within the set of given compounds. The procedure was described
in a paper for the Third International Joint Conterence on Artificial
Intelligence, which i1s enclosed. At the same timpe that the rule
formation program looks for characteristic mechanisms, the class
separation procedure refines the class of molecules that appear to
behave uniformly (i.e., appear to exhibit most of the characteristic
mechanisns).

Another important extension of the theory formation program makes the
rule descriptions more general and less specific to the class of
compounds studied. The mechanisms in the rules are now described
generally in terms of the kinds of bhonds that break, and not in

terms 2f the precise relations of the bonds to the skeletal structure
conmon to the class. For example, a rule is nov stated as "Any

bond that is the second bond from a nitrogen atonm is likely to
break", rather than "In the skeleton R1-C2-N3-C4-R5 the bond between
atoms 1t and 2 and the bond between atoms 4 and 5 are both likely to
break".

Thesce general descriptions will allow much more freedom in the Kkinds of
interpretations that can be placed on the INTSUM results. It is
possible, for example, to alter the set of predicates used to describe
bonds without altering the progranm.

The program can be conceptualized as a search program through the space
of possible combinations of predicates. Some predicates describe the
type of bond (e.g., 'single?'), others describe the atoms joined by the
bond {e.g., 'nitrogent', t'secondary‘'), and others describe the bonds and
atoms next away from the bond that breaks. Some a priori heuristics
limit consideration of complex predicates to chemically meaningful
combinations, for example, by forbidding consideration of a single atom
as both carbon and nitrogen. Other heuristics guide the process of
expansion by forbidding a new predicate to be added to a description if
ts addition reduces the explanatory power of the existing description.
For example, if a high average intensity is associated with breaking the
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X-¥ bond in ¥X-X-Y and further specification of either of the X's reduces
the average intensity, then the description is not changed.

In addition to the work -just mentioned, a ygenerative model of rule
formation has been pursued by Carl Farrell in his dissertation work
directed by Professor Feigenbaum and Dr. Buchanan. He has written

a program which accepts, as input, descriptions of specific molecules
and all the primitive actions that might explain the mass spectra of
those molecules. The output of the program is a set of general
situation-action rules that describe classes of molecules that seeu
to be characteristically saow evidence of significant actions.

PLANS

In the following period we plan to increase the performance capabilities
of the theory formation program in several ways.

1. Sample Selection.

The program's current strategy is to find the rules exhibited by most
or all of the molecules in the initial sample. 1If the molecules are
diverse, the rules will be diverse. Thus, we plan to add a
preprocessor that can select a "simnle' set of molecules for the rule
formation to work with. For exauzple, unbranched (straight-chain)
compounds should be expected to present fewer complications for initial
theory formation than highly branched compounds. The eftects of the
complicating features can be studied after the sinmple rules have been
found.

2. Rule Clarification.

After simple rules have been found, we want the program to clarify
the conditions under which the rules hold. By studying more
complicated molecules, the program can f£ind the simple rules that no
longer hold for these cases. For example, we want the program to
discover that terminal alphra carbons (as in CH3-X-N) are special.
Or, the program should discover the effects of double bonds by
examining new cases even though the molecules in the original set
contained no double bonds.

3. Experimentation.

Because the original set of molecules contains the simpler examples
from which it is easier to find characteristic mechaniswmns, the
program will need to clarify rules in the way suggested under (2)-.
For a huran scientist, this means describing npew experiments to
perform that will help place limits on the range of applicability of
the rules. Looking at additional arbitrary molecules may be helpful,
but not as helpful as looking at the specific molecules that will
resolve specific questions about the preliminary rule set.

4. Integration of Results.

When the program has examined two or more classes of molecules, it
should be able to integrate the results intoc a common set of mechanisms
{(if any are coamon). The set of predicates used by the integration
program may not have to be wider than the set used by the rule formation
progran, but one would expect the rules themselves to be more general.
For example, integrating aliphatic amine and ether results should
combine the separate alpha-cleavage rules (one with nitrogen, one
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with Ooxygen) 1nto a more gzneral rule (specifying 'N or 0', or
‘*heterocatont').

PART C REFERENCES (Published or subizitted during this year)

D.H. Smith, B.G. Buchanan, W.C. White, E.A. Feigenbaum, C. Djerassi
and J. Lederberg, "Applications of Artificial Intelligence for
Chemical Inference X. INTSUM. A Data Interpretation Program as
Applied to the Collected Mass Spectra of Estrogenic Steroids".
Tetrahedron. In press.

B.G. Buchanan and N.S. Sridharan, "Analysis of Behavior of Chemical
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HUMAN SUBJECTS

As a part of this research project, GC/MS analysis techniques will
be applied to human body fluids in collaboration with clinical investigators,
and blood and urine specimens will be collected from human subjects.
Collection of VOIDED URINE SPECIMENS presents no risk to the patient.
Collection of blood samples will not be taken solely for the purpose of
this research but rather would be collected as part of a diagnostic procedure
deemed necessary for clinical diagnosis.



The undersigned agrees to accept responsibility
for the scientific and technical conduct of the project
and for provision of required progress reports if a
grant is awarded as the result of this application.
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APPENDIX A

FIGURES 1-3
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STANFORD UNIVERSITY

STANFORD, CALIFORNIA 94305

DEPARTMENT OF CHEMISTRY

December 17, 1973

Professor Carl Djerassi
Department of Chemistry
Stanford University
Stanford, California 94305

Dear Carl:

I am writing to indicate the anticipated use of mass spectral
facilities by my research group in the forseeable future. As has
been true in the past, we plan to utilize both GC/HRMS and simple
HRMS for various purposes, especially 1) the determination of structure
of enzymic cyclization products, including members of the Tanosterol
class, derived from squalene oxide-1ike substrates, the purpose being
the elucidation of the mechanism of enzymic steroid synthesis, and 2)
the characterization and confirmation of structures of intermediates
in the synthesis of natural products, including polycyclic terpenoids,
alkaloids of physiological interest, and nucleosides,and 3) identifi-
cation and/or structure determination of organic materials employed
in our organic-inorganic program devoted to nitrogen fixation and
related processes.

Very truly yours,

G ome

E. E. van Tamelen
Professor of Chemistry

EEvVT/j1b
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OFFICE MEMORANDUM ¢ STANFORD UNIVERSITY o OFFICE MEMORANDUM

Date: December 3, 73

T :
° Carl Djerassi

From : .
Keith Hodgson

SuslecT: Response to inquiry about GC/HRMS
facility

In response to your three questions
concerning the potential use of upgraded
GC/HRMS facilities:

1. Yes, especially in the study of certain
biological ligands and lower molecular
weight ligand-metal complexes.

2. Potential use of the facility might run
in the range of 8-10 samples per year most
of which probably would be handled most
easily by simple HRMS.

3. No, no research is cur
for the next 6 mon

|
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OFFICE MEMORANDUM e STANFORD UNIVERSITY ¢ OFFICE MEMORANDUM o STANFORD UNIVERSITY & OFFICE MEMORANDUM

Date:. December 3, 1973

To Professor Carl Djerassi

From James P, Collman
Professor of Chemistry

SUBJECT:

Please excuse our belated response to your inquiry of November 20
concerning a potential upgrading of mass spectrometry facilities. The
service you mention in your memo of the 20th would be valuable to us.
We would have significant use for the GC/HRMS for a project dealing
with models for cytochrome P4, based monooxygenases currently
supported by the NIH,

b G
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OFFICE MEMORANDUM e STANFORD UNIVERSITY e OFFICE MEMORANDUM e STANFORD UNIVERSITY e OFFICE MEMORANDUM

To

From

SuBJECT:

Date: December 13, 1973

Professor Djerassi
Professor Harry S. Mosher

Your proposal to the NIH

On our NIH Grant on the investigation of animal toxins we have been
studying natural products from the skin of Central American frogs
(atelopidtoxin) and some products from marine animals (nudibranchs) as
well as some new chaline esters isolated from the hypobranchial gland

of various sea snails. Some, if not all, of these are mixtures.

Obviously the new capabilities of the mass spectrometry laboratory

would be of value to me. I expect only occasional use of HRMS an.’
GC/HRMS , but on these occasions these techniques would be very important.

%L(/ S ool

/R
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OFFICE MEMORANDUM e STANFORD UNIVERSITY o OFFICE MEMORANDUM e STANFORD UNIVERSITY e OFFICE MEMORANDUM

To

From

SUBJECT:

Darte: 14 December 1973

C. Djerassi

W. S. Johnson

The contemplated new facility for high resolution mass spectrometry and
combined gas chromatography/high resolution mass spectrometry would be
of extreme value to our research program concerning the non-enzymic
biogenetic-like cyclization of polyolefines, a project which is presently
supported by NIH Grant AM 3787-14. If this facility were to become
available, we would expect to use it extensively in the analysis of product
mixtures of the aforementioned cyclizatiuns. We estimate that our need for
the gas chromatographic capability would be about 20% of the total need
for the mass spectrometry service.

o). 4. Jeloers

/RS
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